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NATTCONAL: ATVISORY COMMITTEE FOR AERONAUTICS

RESEARCH MEMORANDUM

EFFECT OF FUEL NOZZLE PROTRUSION ON TRANSIENT AND STREADY-STATE
TURBOJET COMBUSTOR PERFORMANCE

By Richard J. McCafferty and Richard H. Donlon

SUMMARY

The effect of small variations in the axial position of the liner
with respect to the nozzle on limiting rates of change of fuel flow
{acceleration limits) and steady-state combustion efficiencies in a sin-
gle tubular combustor was determined. Data were obtained with two liner
configurations at three combustor-inlet conditions simulating 25,000,
40,000, and 50,000 feet altitude and & constant engine rotor speed of
70-percent reted at zero flight M=ach number.

Nozzle position had a marked influence on acceleration limits st
all three altitude - rotor gpeed conditions., Within the range of relative
nozzle posltions that would be caused by thermal expansion of the liner,
the acceleration limits varied through a four-fold range. The poorest
acceleration characteristics were obtalned with the nozzle protruding
into the combustor liner. Steady-state combustlion efficiencies were also
affected by nozzle position, but 1n an opposite manner; the best efficlen-
cy performance was obtalned with the nozzle protruded. These results serve
to point out a combustor installation detail that affects combustion per-
formance in combustor systems of the type used in this investigation.

INTRODUCTION

Among the problems assoclated with turbojet engine operation at high
altitude is the insbility of the engine to acceleraie rgpidly in response
to increased fuel flows. Research is being conducted at the NACA Lewls
laboratory to determine the factors affecting engine acceleratlion., As
paxrt of this research, an investigation of the effect of axial location -
of the fuel injector, relatlve to the liner, on the combustion process
during fuel acceleration 1in a single tubular combustor is reported herein.

Results of an investigation reported in reference 1 described com-

bustion response to repld fuel-flow changes in a tubular combustor st two
silmulated altlitude - rotor speed condltlone. ILimiting rates of change of
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fuel flow (acceleration limits) were determined and the effects of cer-
taln alir-flow variables on the transient combustion characteristics were
studied. PFurther studies in the same combustor lndicated that variations
in combustor component alinement in dey-to-day testing varied the accel-
eration limdts obtelned. Investigation showed that the axiel posltion
of the fuel nozzle, relative to the cowmbustor liner, was a possible cause
of varistion in results. The relatlve position of the nozzle is a func-
tion of the care taken in instellation and of the thermal expansion of
the liner. With the particular tubuler combustor used, the cambustar
liner was anchored at its downsiream end, and thermal expansion of the
liner, the outer housing of the combustor, and the connecting setup
ducting resulted in the liner shifting upstream. The fuel nozzle was
rigldly mounted on the inlet diffuser; the shifting of the linexr thus
caused a variation in the axial location of the fuel nozzle relative to
the liner. Accordingly, an lnvestigation of the effects of nozzle loce-
tion or protrusicn into the primary cambustion zone on fuel accelera-~
tlon limits and stesdy-state performance was conducted.

In order to provide fixed positioning of the nozzle with respect to
the liner during individual series of tests, the liner was attached to the
fuel nozzle assembly, and thermal expansion of the liner occurred in a
downstream direction. The nozzle was a stendard dual-entry duplex fuel
nozzle. Data were obtalned at three nozzle protrusion poslitions with
two slightly different liner primery zone configurations. Three
combustor-inlet air conditlions were lnvestigated corresponding to 70 per-
cent rated rotor speed at 25,000, 40,000, and 50,000 feet altitude in a
reference turbojet engine. The data are analyzed to indicate the effect
of fuel-nozzle-protrusion position on the fuel.acceleration limits and
combustlion efficlencles for a range of fuel-aly ratios at the simulated
engine operatling conditlons chosen. Descriptions of the special spparatus
and instrumentation used are presented. o '

APPARATUS AND INSTRUMENTATTON

A single combustor from a J35-C-3 turbojet engine was used in this
investigation. The combustor was connected to the laboratory air supply
as shown dlagrammstically in filgure 1. The alr-flow rate and pressure
were regulated by remote-control velves upstream and downstream of the
combustor. Alr flow was measured by means of a variable-asrea orifice.

In order to assure a unlform air and exhaust supply free of line surges,
choke plates were placed in the Inlet and exhaust ductling of the com-
bustor. Locatlon and constructlon of these choke plates are shown in
figure 2. The inlet choke plate admitted air through fifty 1/4-inch-
dlemeter holes. The outlet choke-plate essembly consisted of two slotted
plates, one of which was moveble with respect to the other, permitiing

a range of flow areas to be selected. The inlet choke plate and the cut-
let choke assembly were installed in the ducting at positlons correspond-
ing to the last stage of the compressor and the turbine nozzle diaphragm
in the full-scale englne, respectively.
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Two combustor liner configurations were used: (1) the production
configuration, and (2) the production configuration modified by removing
the spark-plug-hole cover plate, which allowed an additional 1/2 square
inch of area for air entry into the primary zone.

Combustor Fuel System

Two fuel systems were used to obtein the required flow rates for the
steady-state and the translent phases of the lnvestigation. A conven-
tional fuel system containing fuel storage drums, pumps, measuring rota-
meters, connecting piping, and manual regulating valves was used to ob-
tain steady-state combustion deta. A separate fuel system containing a
pressurized container, motorized flow control valve, and surge chambers
was employed to obtaln transient combustion deta. A more detalled de-
scription of the fuel acceleration system is given in reference 1. The
fuel used was MIL-F-5624A, grade JP-4 (NACA 52-288). A standard dual-
entry duplex nozzle was altered to permit fixed positioning of the liner
to the nozzle. A diagrammetbtlc sketch of the fuel nozzle and combustor
showing the method of attaching the liner to the nozzle is presented in
filgure 3. Nine channels were cut into the nozzle body and the dome was
attached to the deslired channel by three set screws inserted through the
nozzle dome ring. This arrangement permitted the tip of the nozzle to
be positioned at the face of nozzle ring and up to 5/8 of an inch down-
stream. With the unaltered combustor system the axial posltion of the
nozzle may vary by spproximstely 1/4 to 5/16 of an inch due to liner
thermal expension. This estimated variation was checked by observing
the change in nozzle position while operating the combustor with the
unaltered liner and nozzle arrangement over the range of inlet conditions
used in the investigation. Three protrusion positions of O, 5/16, and
5/8 inch were chosen to more than cover the possible range of nozzle
protrusion distances, whether caused by liner expansion or by assembly
exrrors.

Instrumentation

Combustor-inlet air temperature was measured by two single-junction
iron-constantan thermocouples located at station 1 (fig. 1). Steady-
state combustor-inlet static pressure was measured by means of static
taps located at station 2 (fig. 1). Transient combustor-inlet static
pressure was measured at the same station (2) wlth a diaphregm-type
differential pressure pickup and was recorded on an oscillograph.

The combustor-outlet temperature was measured by three five-junction
chromel-slumel thermocouple rekes located at station 3 (fig. 1). These
thermocouples were connected through an averaging clrcult to a potentio-
meter and were used to indicate steady-state outlet temperatures and
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temperatures before and after fuel accelerations. The rapid variations
in combustor-outlet temperature during the acceleration process were
indicated by & single thermocouple that was compensated for thermel lag.
The silngle thermocouple, located between the rakes at statlon 3, con-
slsted of 0.010-inch diameter wlres butt-welded between two heavier
support wires. The position of the single thermocouple Junctlon in the
gas stream was selected to indicate the same tempersture as the aversge
reading of the 15 outlet thermocouples during steady-state operation.
The temperature indications were recorded by an oscillograsph. A detalled
discusslion of the methods of thermocouple compensatlion is glven in ref-
erence 1. The theory of compensation 1ls presented 1ln reference 2.

The transient fuel~flow rate was measured wlth a pressure. differen-
tial pickup and a constent-current hot-wire snemometer. The pressuxre
differential pickup was connected across an orifice in the large-slot
nozzle supply line. This oriflice served to divert fuel to the small
slots, providing improvement in spray formation at low fuel flows. The
pressure plckup, properly callbrated, messured steady-state fuel flow
accurately asnd wes used to Ilndicate the flow before and during accelera-
tlion. The anemometer had a higher frequency response but was less ac-
curate; the anemometer was used to determine the time elapsed during the
fuel—flow change. The signals obtained from both flow measuring devices
were recorded on an osclllograph.

PROCETRIRE
Test Condltions

Combustor transient response characteristics and steady-state tem-
perature rise were studied at the following operating condltlons:

Simuleted flight |Inlet Inlet- [Inlet-|Reference|Outlet
condltions static alr air velc/:city, temperature
pressure, |temper-|flow, ft/sec [(before
Altitude, |Rated rotor|y, “py apg ature, |1b/sec acceleration,
higv speed, op
percent
50,000 70 9.3 80 0.9 82 875-700
40,000 70 15.2 80 1.43 80 875-700
25,000 70 28 80 2.7 82 290

The two highest altitude conditlons slmulsted ¢peration of the combustor
in a 4.7-pressure-ratio turbojet engine at & flight Mach number of O,
with the exception of inlet-alr temperature. The 25,000 feet altitude
condition simulsted operation in the same engine at the same speed;
however, the ocutlet temperature was reduced from the required value
(700° Fs to 290° F. The outlet temperature was set at this lower value
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to obtain limiting fuel acceleration rates of the same order of magnitude
as those obtalned at the two higher altitude conditions. No accelerztion
limits could be obtalned within the range of fuel acceleration retes sup-
plied by the equipment abt 25,000 feet altitude when the outlet tempera-
ture was 700° F. The reference velocity values quoted are based on the
maximm cross-sectional area of the combustor (0.48 sq £t) and the inlet-
gir denslty.

Test Procefuxre

Combustor steady-state temperature-rise data were obtained at each
of the operating conditions noted above. At each test condition data
were recorded over a wide range of fuel-alr ratlos.

Transient combustor response data were obtained in the followling
menner. The transient instrumentation was first caelibrated against the
steady-state instrumentstion. The acceleration fuel system was then
adjusted and energlzed to provide the desired rate of increase in fuel-
flow rate. For selected values of final fuel flow, the slope of the fuel
acceleration was lncreased by readjusting components of the accelerating
system until combustlon blow-out occurred or the limit of the fuel systenm
was reached. This procedure was repested for each combustor-inlet condi-
tion with three fuel nozzle protrusion positions and two liner
configurations.

Method of Anelysis

The fuel acceleration rates referred to herein represent the fuel
slopes and were computed as the change of fuel-air ratio per unit of time.
Flgure 4 shows & sketch of a typicael fuel ramp trace as recorded by the
pressure differential pickup. The acceleration rate was calculated by
subtracting the initial fuel-ailr ratio from the final fuel-alr ratlio and
dividing the difference by the amount of time (sec) between the polnt on
the trace where the acceleratlon begins and the point wherse the fuel flow
first reaches the desired final fuel flow. A fuel "overshoot' was indi-
cated during rapld fuel acceleratlons as shown in figure 4. This over-
shoot could not be ellminated with the fuel systems used to obtain these
acceleratlions.

RESULTS
Transient Combustion Performance

Analysis of the oscillograph traces showling the variation of fuel
flow, inlet-static pressure, and outlet temperature indicated that the

i
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combustlion procese during acceleration followed one of three alternate

(1) The additionsal fuel may ignite and burn stebly, resulting in in-
creased temperature rise.

(2) The additional fuel may ignlite, burn temporarily at a higher tem-
perature level, and then blow out.

(3) The combustion may blow out immediately after fuel acceleration
is begun. . . L L

The second aend third types of combustion response represent, of
course, unsuccessful attempte to accelerate. For the successful accelera-
tion data the outlet temperature and static pressure first decreased with
the introduction of additional fuel and then increased as the fuel burned.
This dip and rise sequence was more pronocunced as the simulated altitude
and. fuel acceleratlon rate lncreased. These characteristlcs of transient
combustion response mre similar to those reported previously (ref. 1) and
were not altered by nozzle protruslon position.

The transient combustion performence data obtalned wlth the three
nozzle protrusion positions at the three simulated altltude - rotar speed
conditlons are presented in tables I, II, and IIX. Acceleration rate is
plotted ageinst the final fuel-air ratlio in figure 5; these results were
obtained with the ummodified liner. Different synmbols are used to lden-
tify the different nozzle protrusion distances, wlth unsuccessful accelera-
tion denoted by talled symbols. Curves are interpolated through the data
to represent limits of successful acceleration. The rich-blow-out fuel-
alr ratios (steady state) were approached only at the 50,000 feet altitude
condition; the rich-blow-out region is included on figure 5(c). The un-
successful acceleratlion dats reported for the 40,000 and 25,000 feet
altitude conditions were all "quench-out” points (the third combustion
response path described previously). With the rapld fuel accelerations
necessary to establish these quench-out points, the transient fuel-flow
rates always "overshot' the final fuel flow (see fig. 4). This fuel
flow overshoot could not be eliminated by modificetlons to the surge
chambers in the fuel line; the effects of this overshoot on the accelera—
tion limits were not determined.

The nozzle protrusion position had s marked influence on the accelers-
tion limits obtalned at all three simulated altitude - rotor speed condli-
tions. In most cases acceleration limlts decreased with depth of probru-
slon. The fastest rates of successful fuel acceleratlon were obtained when
the nozzle protrusion was zero; becsuse of equipment limitaetions the ac-
celeratlon limits for zero nozzle protrusion could be determined only at
the 40,000 feet altitude condlition. At 50,000 feet sltitude unsuccessful
accelerations were obtained when the final fuel-ailr ratios were large
enough to cause steady-state rich blow-out, but no limits were obtained
at lower fuel-alr ratios.
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The date obtained from tests with the modified liner (spark-plug—
hole cover plate removed) are shown in figure 63 the data are again
plotted as fuel acceleration rate sgeinst fuel-air ratio after accelera-
tion. The dotted lines represent the limits obtained with the unmodi-
fied liner. The limits obtained with -the modified liner are simllar %o
those obtalned with the ummodified liner, except those obtained at
40,000 feet altitude with the zero protrusion position. The trend of
increasing limits with decreasing nozzle protrusion dlstance is agein
apparent.

Steady-State Combustion Performance

The steady-state combustion performance data obtained at conditions
simulating a constant engine rotational speed and three different alti-
tudes are presented in table I¥. A comparison of outlet temperatures
againgt fuel-alr ratios for the different fuel-nozzle protrusion dis-
tances investigated 1s shown In figure 7. Tncluded in figure 7 are lines
of constant combustion efficlency; by Interpolating between these lines
the combustion efficiency value of each data point can be approximated.
These lines of constant combustion efficiency were determined from the
charts of reference 3, and were computed as the ratio of enthalpy rise
across the combustor to the heating value of the fuel. The talled symbols
represent data obtained with the modifled liner hawving the spark plug
hole open, allowing additional alr into the primary zone.

The steady-state combustion data show the expected trend of decreas-
1ng combustion efficiency with lncreased simulated altitude. The differ-
ences in performance obtained with the three nozzle positions elso in-
creased with increased altltude. The combustlon efficiency spread smong
the data obtalned with the three nozzle positions is approximately 10
percent at 50,000 feet and 5 percent at 25,000 feet altltude, excluding
the lowest fuel-alr ratio points. For the conditions lnvestigated, the
best tempersature-rise performence (and cambustion efficiency) was ob-
tained with the nozzle protruding either 5/16 or 5/8 inch into the com-
bustor. Also, little or no difference in combustion efficlency was ob-
tained with the production liner and the modified liner.

DISCUSSION

The investigation of the effect of nozzle protrusion depth on tran-
sient combustion characteristics showed that protrusion depth hes a
marked influence on the ability of the combustor to burn additional fuel
injected in a short time. Acceleratlon rate limits are plotted against
nozzle position in figire 8 for the three altitude - rotor speed conditions.
These limits were taken from figure 5 for a final fuel-air retio of 0.0286.
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The renge of nozzle positions resulting from thermal expansion of the
liner in s full-scale englne operating at various altltude - rotor speed
conditions 1s included in flgure 8. For this range of nozzle positlons,
the limits vary from 0.017 to 0.076 fuel-air ratioc per second at 40,000
feet altitude, indicating a wide variation in the sbility of the com-
bustion process to successfully respond to added fuel. For the complete
range of nozzle positions and combustor-inlet conditions covered in the
Investigatlon, the data show differences in acceleration limits of ap-
proximately one order of magnltude. The importance of careful alinement
of combustor camponents in the engine is emphasized by these results.

It should be realized that combustlion response to fuel acceleratlon rates
in the speed range nesr the acceleratlon liwmit curves was not always the
same. However, this irreproducibllity was not of sufficlient magnitude
to account for the wide variation in limits obtained with different nozzle
positlions.

The results shown in figure 8 provide a possible explanation for the
scattering of blow-out data obtalned with full-scale turbojet engines
during acceleration tests of reference 4 conducted in the NACA Iewis al-
titude wind tunnel. The wind tunnel investigation was conducted with two
models of the J47D englne that were serodynemlcally simllar. The rates
of fuel acceleration used were in approximately the same range as those
used in the single combustor tests. Two tubular combustor configurations
that provided slightly different primary-air patterns were used in these
englnes. These combustion chembers were of the same general tubular type,
were equipped with the same type of dual-entry duplex fuel nozzles, and
were assembled into the outer housing in a manner that would result in
changes 1In nozzle . protrusion with changes in thermal expansion of the
liner.

No apprecisble difference was noted in acceleration performance
between the two different liner configurations in the englne tests of
reference 4. Thie result agrees with that obtained in the single com-
bustor tests; it was found that tolerance to fuel acceleration was not
greatly influenced by small changes in air-hole area in the Primary zone
of the combustor.

The steady-state combustion efflciencies were affected by nozzle
position in the single combustor tests. The best efficlency performance
was obtained with the nozzle protruding into the combustion chamber, a
condition which provided the worst acceleration performance. These op-
posed effects of nozzle position point up the fact that combustor design
must often be compromised to obtain the best over-all performance char-
acteristics. If fuel-air ratio changes of 0.0l per second are considered
rapld enough for engine acceleratlons, then designs providing maximm com-
bustion efficiercy performance would be preferred. Obviously, these
results are restricted to combustion systems of the type Investlgated, as
the optimum locetion of the nozzle for this combustor might not colnclde
with the optimum location for other types of cambustor and fuel nozzle
systems.

3533
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The variance in steady-stete performance caused by nozzle location
shows that means should be provided on single combustor test rigs to
duplicate the exact nozzle position relative to the liner such as would
occur in a full-scale engline under identical operating conditioms,

SUMMARY OF RESULTS

An investigation was conducted to determine the effect of fuel noz-
zle axlal locatlion on fuel accelersation limits and steady-state combus-
tion efficiencies of a single tubular combustor. The highest accelera-
tion limits were obtalned when the end of the nozzle was nearly flush
with the contour of the dome inner wall, Within the renge of nozzle
protrusion predicted due to liner expansion, the acceleration limits
varied through a four-fold range.

Nozzle locations also had an effect on the combustion efficiencies
obtained and, in general, the highest efficiencies were obtained with
the maximm protrusion depth of the nozzle investigated. It should be
realized that these results apply only to combustion systems of the type
investigated. They serve to point out a combustor installation detail
that markedly affects combustion performance.

Lewis Flight Propulsion Laborsatory
National Advisory Committee for Aeronautics
Cleveland, Ohio, November 8, 1954
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TABLE I. - TRANSIENT COMBUSTION PERFORMANCE DATA FOR 25,000 FEET

SIMULATED ALTITUDE

[simulated rotor speed, 70-percent rated;
28.0 in. Hg abs; alr flow, 2.7 lb/sec;
80° F; reference velocity, 82 ft/sec; approx. initial fuel-air
ratio, 0.004; initial outlet temperature, 290° F.}

(a) Production liner (unmodified)

Inlet static pressure,
inlet temperature,

Run Final Time for Acceleration Combustor Nozzle
fuel-alr | acceleration,| rate, fuel~ response protrusion
ratlo sec alr-ratio position,

change per in.
second

124 0.0182 0.14 0.10 Successful 0
125 .0232 .16 .12 Unsuceessful \j
182 .0187 .54 .028 Successful 5/16
183 .0187 40 .038 Unsuccessful
184 - 0157 .36 034 Unsuccessful
185 <0150 .44 .026 Unsuccessful
186 0228 .14 .014 Successful
187 .0228 .84 .023 Unsuccessful

188 .0l144 .75 014 Successful
189 <0144 .54 .020 Unsuccessful v
150 .0178 .56 .026 Successful 5/8
151 0179 .24 061 Unsuccessful

152 ««QL79 .38 038 Unsuccessful

153 .0187 1.0 .015 Successful

154 .0187 .68 .023 Unsuccessful

155 .0212 .76 .024 Successful

156 .0212 .52 .034 Unsuccessful \ 4

(b) Modified liner

86 0.0206 0.18 0.098 Successful (0]
25 .0126 .85 .013 Successful 5/16
26 0126 .5 .017 Unsuccesaful

27 0145 .68 .016 Successful

28 0145 .49 .021 Unsuccessful

29 -0157 .87 .014 Successful

30 .0157 .58 .020 Unsuccessful \
38 .0128 .80 .012 Successful 5/8
39 .0128 53 .018 Unsuccessful

40 .014 .88 .012 Successful

41 014 .67 .016 Unsuccessful

42 -0154 .65 .0l1l8 Successful

43 .0154 .54 .022 Unsuccessful v

" 3533
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TABLE IT. - TRANSIENT COMBUSTION PERFORMANCE DATA FOR 40,000 FEET

SIMULATED ALTITUDE

[simulated rotor speed, 70-percent rated; inlet statlc pressure,
15.2 in. Hg abs; air flow, 1.43 1lb/sec; inlet temperature,
80° F; reference velocity, 80 ft/sec; approx. initial fuel-air

ratio, 0.009; inltial outlet temperature, 675°-700° F. ]

{a) Production liner (unmodified)

Run Final Time for Acceleration Combustor |Nozzle
fuel-alir | acceleration, | rate, fuel- response protrusion
ratio sec alr-ratio position,

change per in.
second

126 0.0324 0.20 0.12 Sucecessful 0
127 <0334 .22 .11 Unsuccessful
128 - 0363 .55 050 Successful
129 -0363 40 .068 Unsuccessful

130 0377 .49 .058 Successful

131 0377 .36 .07 Unsuccessful
139 . 026 .12 .14 Successful
140 .0288 .15 .13 Unsuccessful ¢
175 - 0346 1.6 .016 Successful 5/16
176 . 0346 .70 -037 Unsuccessful

177 -0313 .94 024 Successful

178 .0313 .83 .035 Unsuccessful

179 .0268 .62 .029 Unsuccessful

180 0241 .61 .025 Unsuccessful

181 .0245 .90 .017 Successful 4
163 .0291 1.3 .0l5 Successful 5/8
164 .0291 .74 .028 Unsuccessful

165 -0278 .52 037 Unsuccessful

166 .0262 1.1 .016 Unsuccessful

1687 .0222 1.1 .012 Unsuccessful

168 .0214 1.0 .013 Successful Y

(v) Medified liner

71 0.0247 0.2 0.078 Successful o]
72 0247 <17 .092 Unsuccessful

73 .0281 .42 . 045 Successful

T4 -0281L .32 .06 Unsuccessful

75 .0315 .62 .038 Succesesful

76 .0315 .46 .043 Unsuccessful Y
14 .0208 .54 .022 Buccessful 5/16
15 .0208 .52 .023 Unsuccessful

16 . 0245 T .022 Successful

17 .0245 -68 .024 Unsuccesaful

18 .0268 1.08 .0186 Successful

19 .0268 .78 .023 Unsuccessful v
49 .0284 1.85 .01l Successful 5/8
50 .0284 .86 .023 Unsuccessaful

51 .0284 1.24 .016 Unsuccessful

52 .0252 1.26 - .013 Successful

53 .0252 .82 .020 Unsuccessful

5S4 .0214 .78 .0l6 Unsuccessful
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TABLE III. - TRANSIENT COMBUSTION PERFORMANCE DATA FOR 50,000 FEET

SIMULATED ALTITUDE

{Simulated rotor speed, 70-percent rated; inlet static pressure,
9.3 in. Hg ebs; air flow, 0.9 1b/sec; inlet temperature, 80° F;
reference velocity, 82 rt./ sec; approx. initial fuel-air ratio,
0.0115; initial outlet temperature, 675°-700° F.]

(a) Production liner (unmodified)

Run, Finel Time for Acceleration Combustor |Nozzle
fuel-air | acceleration, | rate, fuel- response protrusion
ratio sec alr-ratlio poeltion,

change per in.
second
112 0.0262 0.22 0.070 Successful [}
113 . 0307 .24 .082 Successful
132 026 .18 .15 Successful
136 .0315 .20 .099 Unsuccessful
137 .0315 335 -060 Buccessful
138 0321 .70 .029 Unsuccessful
193 0308 1.0 .020 Buccessful 5/16
194 -030€ <80 -033 Unsuccessful
195 0268 42 -038 Successful
196 .0268 38 <044 Unsuccesaful
197 .0231 24 051 Successful
108 .0267 .40 .041 Unsuccessful 5/8
109 0262 .60 026 Unsuccessful
110 .0262 .70 023 Successful
111 .0262 .60 .025 Unsuccessful
157 « 0304 -80 025 Unsuccessful
158 0308 2.5 -0082 Unsuccessful
159 .0278 +80 022 Unsuccessful
160 -0274 1.6 011 Buccesaful
161 0234 .65 .020 Succesaful
162 .0234 .55 026 Unsuccessful vL
(b) Modified liner
88 0.0320 0.40 0.051 Unsuccessful s}
88 0312 <55 038 Successful
g0 0330 3.4 0064 Unsuccessful
81 <0330 8.0 0027 Unsuccessful
92 0312 6.5 «0031 Unsuccessful
93 +0504 6.0 . 0032 Unsuccessful
94 .0278 7.0 0024 Successful
95 0302 1.6 .0118 Unsuccessful
96 0294 1.8 <0101 Puccessful
a7 .0299 8.0 0023 Successful
g8 0293 .22 .082 Succesaful
99 0304 .26 073 Unsuccessful
100 .0307 1.0 .02 Unsuccessful
101 .0301 4.5 0043 Bucocessful
102 0315 6.6 0031 Buccessful
103 0327 5.6 .0038 Unsuccessful
104 .0308 1.8 011 Buccessful
105 .0315 2.1 0099 Unsuccesaful
108 0301 .85 .023 Unsuccessful
107 .0292 .88 021 Buccessgful
108 0301 .30 .10 Succeseful M
1 <0244 .31 -042 Buccessful 5/18
2 0244 .30 044 Unsuccessful
3 0272 .52 <031 Buccessful
4 .0272 .38 042 Unsuccessful
5 0222 .28 .039 Unsuccessful
8L .0281 L.25 014 Buccessful 5/8
62 .0281 .78 .022 Unsuccessful
63 0247 .72 .019 Unsuccessful
64 »0218 .58 .019 Buccessful
65 .0219 -39 .028 Unsuccessful
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TABLE IV. - STEADY-STATE COMBUSTION PERFGRMANCE DATA
{a) Promuetion liner {unmodified)
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Ron Sirmlated |Simulated |Combustor.|Combuptor- Alr flow,| Combustor | Fuel |Fuel- |[Mean Combustion | Nozrle
rator altitude, |inlet Inlet ib/sec referonce | flow, |[air acmbuster- offlclency | protrusion
apeed, £t statio temparature, veloaity, | 1b/hp |ratio |outlet position,

parcent EpNure, op ft/mnec tsmpapature, in,
rated . Hg aba op
1 70 25,000 28 80 2,7 a2 62 |0.0084 B8O 0.85 0
2 l l J 116 ,0118 9158 .87
3 152 .0156 1108 .81
& 4C,000 15.8 a0 1.43 40 41 0092 710 .92
5 l ‘ l ad L0184 1070 .82
8 134 .Q281 1440 .78
7 50,000 9.5 ao N B2 6 0111 850 .78
8 ] .0L91 840 .82
9 l 77 0233 1170 B9
10 102 03516 1925 .53 §
11 70 25,000 2a 80 2,7 n2 50 . Q082 450 .80 8/1¢
12 l l l l 97 .01l0 a00 .08
15 136 .OL4 1lo6D .86
1 40,000 18.2 ao 1.43 80 38 L0074 440 .6
18 l l l l 57 0130 920 .68
18 112 .0218 1280 .78
17 80,000 8.5 BO .8 B2 56 .03l 888 .73
18 ¢ l l l 58 .01s 1000 .12
19 - 92 0284 1340 N r
20 70 26, 28 80 £,7 82 48 005 445 .Be 5/8
21 Ioo l l l 98 L0101 :Th) 1.00
ep 148 Q152 1150 .98
2% 40,000 18.2 a0 1.43 80 42 .00a2 855 .93
24 l & l l L 8¢ | .018% 1110 .90
25 121 025§ 1430 .85
25 50,000 9.3 80 .9 56 0108 718 .79
27 1 l l l 55 ['.0163 950 .16 J
28 T4 0244 1140 .83
(b) Modifisd liner
28 70 25,000 28 80 2,7 82 40  [0.0041 385 0,85 0
50 87 0084 585 .99
51 20 .0092 766 .99
0 122 .0128 940 .05
35 153 .0168 1088 .80
34 { ¥ 178 0181 1985 .92
35 40,000 1E.2 1.43 ao 30 0088 455 .80
58 m .0088 620 B4
37 8l .0118 810 .65
28 75 L0148° 960 .82
39 93 .01a8 1180 .e2
0 us | .o2s3 1515 9
41 138 .0288 1420 .73
i 1 \ A IE | .o0284 1450 .70
&3 60,000 8.3 8 82 & .0098 490 B7
- 53 |.o115 870 .69
4b 55 0170 890 .BB
45 7a L0241 1100 .60
47 85 .0293 1170 N7
48 98 0301 1115 A8
49 v 103 .031a ma AT
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TABLE IV. - Concluded. STEADY~STATE COMBUSTION PERFORMANCE DATA
{(b) Concluded. Modified liner
Run Similated | Simulated | Combustor-| Combuator-~ |Air flow, | Combustor |Puel |PFuel- |Msan Combustion | Nozgzle
rotor altitude, |inlet inlet 1b/=ec reference | flow, |air combustor— efficiency | protrusion
speed, 1t static temperature, veloclty, |1b/hr [ratio |outlet position,
percent pressure, OF ft/nec temperature, in.
rated in. Hg abs °F
50 70 25,000 28 75 2.7 a1 48 |0.00B0 410 Q.85 5/16
51 ] 72 .Q074 620 .87
52 ' - g7 | .0100 3%5 .98
3 L 127 1 1010 .R8
34 1 J r - J 161 '.'313% 1200 .85
85 40,500 15-.2 1.43 79 31 Rool: o] 325 50
96 : 0 | .0078 530 .76
57 82 .aige 735 .88
98 [:1:] 138 915 .90
59 88 Q171 1120 .88
&0 112 .0219 1330 .80
61, ] 122 .Q238 1416 .8Q
6d . v ¥ 134 326 1480 .78
83 50,000 8.5 .9 8l 40 L0124 40 .73
64 31 . 0038 580 .67
85 53 L0164 945 .13
6& 88 e =38 1140 13
87 , 76 i 2T 1235 .12
68 : a4 .59 1325 .70
89 r 2 104 gzl 140G .62 4
7Q 70 23, 000 ‘28 - 8C 2.7 82 33 10, 329 0.78 5/8
7L i ' ' : 60 | .o 5240 a2
72 | . 71 3 820 .99
75 | 2 88 1 780 1.ao
T4 i 112 6 45 1.01
75 ! . . 142 1125 1.00
78 ! " L 159 64 1240 1.00
17 | 40,000 16.2 1.43 80 35 - opes 510 .83
78 49 Q095 73Q .92
T ) 65 %ﬁ_f 925 .92
ag I - i 14 | Lo 1315 .88
81 120 .0e3sl 1450 .85
B2 135 L0881 1525 .81
83 27 0052 540 .62
84 50,000 9.3 BS .9 83 27 L0083 580 .80
85 43 .D133 810 .78
as 54 .0198 1060 .70
a7 ' 83 .De56 1160 .60 L
88 + ¥ i i 81 .0R7S 1175 .58 L
| | |
i J 1 | .
I | . { : |
K i

FT
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Figure 1. - Dimgremmatic sketch of single tubular ccambustor instellation,
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Figure 2. - Inetrumentation for acoceleration astudies.
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Co-3 S : 5535

CD-3688
Figure 5. ~ Diagrammatic sketch of combustor showing method of attaching liner to nozzls.

S0EYSHE WE VOVN

LT




Fuel flow —»

Maximum fuel flow

Overshoot

Final fuel flow

Initial fuel flow

— Time for acceleration

Figure 4. - Typical oscillograph trace of a fuel acceleration (remp).
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T I T
1 1 ]
- Nozzle
— protrusion,
- in.
L ]
o 5/8
- o 5/16 . b
A 0]
=1 ol .
2 . Tailed symbols
o denote unsuccess-
g, ful acceleration A
<8 .1 A —— ~—
- & -08
58
s .08
q:S | Nozzle
S ¢ .04 C tf protrusion,
e = d in
ﬁﬁ o u} .
49 ot o o | 5/8
v, 02 =4
[S IV I =
8 & = 5/16
— O o
Q
£ .01l
.010 -.014 .018 .022 .02¢

Fuel-gir ratio after acceleration

(a) Altitude, 25,000 Peet; approximate initisl fuel-air
ratio, 0.004.

Figure 5. - Combustor fuel acceleration limits for three nozzle
protruslon positions at simulated altitude conditions with
production liner (unmodified). Rotor speed, 70 percent rated.



Fuel sacceleration rate, change .in
fuel-air ratioc per sec

e
Hozzle —
protrusion, |
in. B
° 5/8 -
o 5/16 N
A 0
Nozzle protrusion, in.
.2 ' Tailed symbols  —
0 - ' dencte unsuccess-
“‘"“*~‘£;“ ful acceleration
. — a X
oL ——
.08 —&
.06
.04 - o)
5/16 S — < .
02
5/8 0 y o o °
5)
d
lol
.018 .022 .026 .030 .034 .038

Fuel-air ratio after acceleraticn
(b) Altitude, 40,00C feet; approximate initial fuel-air ratio, 0.009.
Figure 5. - Continued., Combustor fuel acceleration limits for three noz-

zle protrusion poeitions at simulated sltitude conditioms with production
liner (unmodified). Rotar speed, 70 percent rated.
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Nozzle protrusion, in
3] 2
g 7 //
e ] ] o
g‘ .1 );/ /////;
< .08 7777777
: : 7
; .06 - ///V/////
N Z U
4 /8 - RO
S T N G4
g8 .02 o ,// 7
% 55; Nozzle protrusion,
8 in.
4 .01 2 é /;;/{/; o 5/8 _
g -008 7L LIIIF o 5/16 -
"é .008 \\ ;// %/ A o] —_
g \ //;7////: \\ Tailed symbols denote :
A 004 Y7 N unsuccessful accelera-
*é \‘{/z / /A .\ tion -
Q
T ooz ,A% \Stea.dy-state rich .
5 //7/ blow-out limit
~
- ) N

.018 ' .022 .026 . 030 .034
Fuel-air ratio after acceleration

(¢) Altitude, 50,000 feet; approximate fuel-air ratioc, 0.0115.
Figure 5. - Concluded. Combustor fuel acceleration limlts for three nozzle

protrusion positions at simulated altitude conditions with production
liner (unmodified). Rotor speed, 70 percent rated.
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Fuel acceleration rate, change in

fuel-air ratio per sec

L ] NACA FM ES54K08
I I | I
Nozzle
protrusion,
j—n-l
g g¢§6 Modified
L A 0 liner
| <& Data obtailned with unmodified
- production liner
Ll == —=TLimit obtained with unmodified
production liner !

Tailed symbols denote

Nozzle protrusion, In.
unsuccessful acceleration

0
<
1 o &
‘%
.08
.04
—— —=|— — T ——I5/8
.02 g ¥ /
& D—‘;——--——-———-—--s/ls
I:b
.01
.010 .014 .018 .022 .026

Fuel-alr ratio after acceleration

(a) Altitude, 25,000 feet; approximate initial fuel-
air ratio, 0.004.

Figure 6. - Comparison of combustor fuel acceleration
limits obtained with both unmodified and modified liner
for three nozzle protrusion positions at simuiated
altitude conditions. Rotor speed, 70 percent rated.
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T ! | I
— Nozzle
protrusilon,
= in.
o 5/8 Modified
o 5/16 iiner
— A 0
— ———--Limit obtalned
: with unmodified

production llner

| Talled symtols denote un-
L successful acceleration

q .z
0 Nozzle protrusion, in.
29 1 ~~
c @ . 7 n r——
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= X
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.01
B .018 .022 .0Z6 .030 .034 .038

Fuel-alr ratio after acceleration
(v) Altitude, 40,000 feet; approximste initial fuel-air ratio, 0.009.

Figure 6. - Continued. Comparison of combustor fuel acceleration
limits obttained with both unmodified and modified liner for
three nozzle protrusion positions at slmileted altitude condi-
tions. Rotor speed, 70 rercent rated.
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.004 By /A/y//l//\ successful acceleration -1
Y/1/AN " J
o002 “ a % /%//A M- Steady-state rich blow-out _|
) %% limit
/M
.018 ' 022 .026 020 034

. Fual-air ratlc after acceleration

(e) Altitude, 50,000 feet; approximate initial
fuel-air ratie, 0.Ql15.

Figure 6. - Concluded. Comparison of combustor fuel

acceleration limite obtained with both wmodified
apd modified liner for three nozzle protrusion
poaitione at simlated altitude conditioms. Rotor
speed, 70 percent rated..
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Combustor-cutlet temperature, op
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T I [ | | Conbustion efficlency, percent
Nozzlae protrusion, 1004
in. P
I i L
o 5/8 ,d - 4 X
1200, @ 5/16 el
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. Tailed symbols denote data . i . P~
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£00
004 .00F .008 .010 .01F .014 .01F .018

Fuel-alr ratic

(a) Altituds, £5,000 feet

Figure 7. - Variation of combustor-outlet temperature wlth fuel-air raric of iubular
ronbustor operating at similated altiiudes wiih three nozzle protrusion positions.

Rotor speed, 70 per~emt rated; flight Mach oumber, O,
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Figure 7. - Continued.

Fuel-air ratio

{v) Mltitude, 40,000 feet.

Varlatlon of combustor-outlet temperature with fuel-air ratio

of tubular combustor operating at simulated altitudes with three nozzle rrotrusion

positions.

Rotor speed, 70 percent rated; flight Mach number, O.
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1400 |
Combustion efficiency, percent é) ]
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e » -~ note data obtained
7 with modifled liner
400 Z | 1 ] 1
.008 .012 .016 .020 .024 .'OZB . 032

Fuel-alr retio

(¢) Altitude, 50,000 feet.

Figure 7. - Concluded. Variation of combustor-outlet temperature with
fuel-air ratio of tubular combustor operating at simulated altitudes
with three nozzle protrusion positions. Rotor speed, 70 percent
rated; flight Mach number, O.
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